Introduction
The Drosophila wing imaginal disc is an epithelium of undifferentiated cells that grows and became patterned during the larval period, and that differentiates the fly wing during the pupal stage (COHEN 1993) . The patterning of the wing disc involves the activities of several signaling pathways that act in collaboration with sequence-specific transcription factors to define cell fates (reviewed in DE CELIS 2003) . First, the wing blade is specified as a domain of vestigial (vg) expression in the distal region of the wing disc by the activities of the Wingless (Wg), Epithermal growth factor receptor/Ras (EGFR/RAS) and Decapenteplegic (Dpp) signaling pathways (WILLIAMS et al. 1991; KIM et al. 1996) . Later in development, the wing blade is subdivided into proveins and interveins regions by the activities of the Dpp and Hedgehog (Hh) signaling pathways (reviewed in BIER 2000; DE CELIS 2003) . Adjacent proveins are separated by broader "intervein" regions that correspond to domains of expression of the transcription factor Blistered (Bs) (FRISTROM et al. 1994; MONTAGNE et al. 1996; ROCH et al. 1998) .
The expressions of vein-specific transcription factors in the proveins and Bs in the interveins regulate the expression of rhomboid (rho), leading to the generation of high levels of EGFR/RAS activity in these cells and to their differentiation as veins during pupal development (reviewed in BIER 2000; DE CELIS 2003) .
Genetic screens have been instrumental in the identification of genes involved in the generation of a wing with a characteristic size and pattern of veins. In general, the imaginal discs are best suited for gain-of-function screens and for screenings carried out in sensitize genetic backgrounds, because these experiments can be done in heterozygous individuals. More conventional screens aiming to identify genes based on their loss-of-function phenotype have not being frequently used, as most of the mutations of interest are likely to be homozygous lethal. These mutations can only be identified in mosaic animals, something that with some exceptions (GARCIA-BELLIDO and DAPENA 1974) have prevented these experiments until the adoption of the FRT/FLP method to induce mitotic recombination (XU and HARRISON 1994) .
Since then, several loss of function screens have being reported in adult flies, using a heat-shock (hs) promoter to drive the expression of the FLP enzyme (WALSH and BROWN 1998) , or directing the expression of FLP to a particular domain of expression in the eye disc (XU et al. 1995) . In these cases, the mutations are identified in heterozygous animals bearing patches of homozygous cells induced by recombination between homologous FRT elements. These experiments allow the identification of genes required for imaginal development whose mutations are homozygous lethal.
We have adopted a variation of this method by combining FRT/FLP mitotic recombination with a source of FLP expressed in a broad domain of the wing blade, and used a Minute mutation (M) to increase the proportion of homozygous mutants cells that otherwise might be eliminated due to their reduced viability. In our experimental setting, we induced mutations using ethyl-nitroso-urea (ENU), and select heterozygous flies with a wing phenotype caused by the presence of M + clones in the domain of expression of spalt (sal). In this experiment, carried out in a F1 generation, we isolated 140 mutations affecting the development of the wing. These mutants were classified in phenotypic classes, grouped in complementation groups and then mapped to chromosomal intervals by complementation with a set of deficiencies covering 83% of the 2L arm. Among the complementation groups identified, 12 correspond to genes already known for their involvement in wing development, such as smoothened (smo), net, thickveins (tkv), mothers against dpp (mad), Star (S), expanded (ex), Suppressor of Hairless (Su(H)), cdc2, echinoid (ed), Protein kinase A (PKA), kuzbanian (kuz) and fat (ft), 16 are new complementation groups composed by at least two mutants and 55 mutations appear to correspond to single alleles. We present here this screen and the mapping and characterization of one complementation group that correspond to med15, a gene encoding a component of the Mediator complex (LEWIS and REINBERG 2003; GUGLIELMI et al. 2004) . The Mediator complex (Med) is conserved from yeast to humans and promotes the interaction of the RNApol-II with sequence-specific transcription factors (NAAR et al. 2001; KWON et al. 1999) . We show that Med15
and other members of the Med complex are required, among other processes, for the transcription of dpp target genes. Interestingly, the med15 homolog in Xenopus Laevis, ARC105, regulates specifically the expression of Smad3/4 and Smad2/4 target genes (KATO et al. 2002) , suggesting a high degree of conservation of Med15 specific functions during evolution.
Material and Methods
Drosophila stocks: Flies were cultured on standard media and crosses were carried out at 25ºC unless otherwise stated. We use the following stocks: hh-Gal4 (CALLEJA et al. (CHEN and STRUHL 1996) , pka B3 (LI et al. 1995) , TE35BC-GW24 (su(H)) (MOREL and SCHWEISGUTH 2000) , kuz 1405 (SOTILLOS et al. 1997) , Sos 34Ea-6 (ROGGE et al. 1991) , spen 5 (KUANG et al. 2000) , spi 1 (FREEMAN 1994) , tkv a12 (NELLEN et al. 1994) , Df(2L)ed-dp (a gift from S. Campuzano), net 1 (BRENTRUP et al. 2000) , aop 1 (ROGGE et al. 1995) (CLEGG et al. 1993) , dpp d12 (ST JOHNSTON et al. 1990) , Df(2L)wg CX3 (BAKER 1987) , ex 1 (BOEDIGHEIMER et al. 1993) , lgl 4 (a gift from A.
Pérez), P{lacZ}bib 4163 (HAO et al. 2003) , the PyggyBac insertions d00080 and f06555 (PARKS et al. 2004) , and interference RNA lines against the genes med15 (NIG-Fly 4184R-4), med30 (VDRC 32459), med20 (NIG-Fly 18780R-3), med27 (NIG-Fly 1245R-1), med19 (NIG-Fly 5546R-1), med10 (NIG-Fly 5057R-1), med12/kto (NIG-Fly 8491R-2), med16 (NIG-Fly 5465R-1) and med25 (NIG-Fly12254R-1). The sal EPv -Gal4; al dp b FRT40A /FRT40A M(2)zFRT40A; UAS-FLP/+ wing disc contains homozygous al dp b M+ clones in the wing blade. The number of clones and their sizes increase during the third larval instar. We find clones covering approximately 80% of the wing central domain in the corresponding adult wings. The wing blade 7 region of 638-Gal4;al dp b FRT40A /FRT40AA M(2)zFRT40A; UAS-FLP/+ discs became entirely mutant in third instar larvae. The dp phenotype is only apparent in mosaic wings generated using the 638-Gal4 driver, suggesting that it is necessary a large fraction of dp cells for this phenotype to develop. The presence of the dp allele does not interfere with phenotypes affecting pattern and/or size.
Generation of mitotic recombination clones:
Ethyl Nitrous Urea (ENU) treatment: Groups of 50 w; al dp b pr FRT40A; UAS-FLP isogenic males three days old were first left starving during 4h and them fed during 24h with 0.29 mg/ml ENU in a sucrose solution. This concentration is estimated to cause one mutation per chromosomal arm (ASHBURNER 1989) . Treated males were crossed with 100 salPE-Gal4; M(2)z FRT40A/CyO females and discarded after 3 days.
Complementation assays: Mutants showing a similar phenotype in mosaic wings
were crossed with each other, and mutations which combination gave lethality or a visible wing phenotype were considered members of the same complementation group.
We also used in these crosses the following alleles of genes localized in the 2L arm:
Complementation with deficiencies:
In order to map the mutants to a cytological position, they were crossed with a group of deficiencies covering the 2L chromosomal arm. The deficiencies utilized were:
(BL3189) and Df(2L)TW161 (BL167). We first crossed one allele of each complementation group and all single mutants with these deficiencies. Subsequently, all mutations belonging to each complementation group were crossed with the corresponding deficiencies. Due to the presence of associated lethal in the treated chromosomes, we can only be confident of the mapping data for complementation groups with more than one allele.
Mapping of the complementation group affecting med15: The 77A2 and 133A1 mutants were lethal over Df(2L)al, and consequently were mapped to the 21B8-C1;21C8-D1 interval. They were them crossed with a group of smaller and molecular 
RESULTS
We aimed to identify loss-of-function mutations affecting the development of the 
Establishment of complementation groups
We scored approximately 14.000 males of sal EPv -Gal4; al dp b pr mut FRT40A/ 3B ). The group of "known" genes had the higher number of alleles per complementation group (Fig. 3B) , whereas of the 71 novel complementation groups only 16 have more than one allele (Table 1 and Fig 3B) . Although there is some correlation between the size of the coding region and the number of alleles identified for each known gene ( Fig. 3A) , other aspects of the mutants appear more relevant to determine the probability of their identification.
Phenotypic classes obtained in the screen
The phenotypes of alleles not corresponding to previously known genes were classified in the following groups: 1) mutants affecting primarily the development of the veins, causing the loss of vein stretches, the formation of ectopic veins or increasing the thickness of the veins ( Fig. 4A-4C ). 2) Mutants affecting the integrity of the wing margin, causing the loss of wing tissue around the wing margin (Fig. 4D ). Some of these mutants also affect the distance between the longitudinal veins ( Fig. 4E and 4F ).
3) Mutants affecting mainly the size of the wing with none or only minor effects in the patterning of veins ( Fig 
Cytological mapping of novel mutants
To determinate the cytological position of the new complementation groups, we used a collection of 36 chromosomal deficiencies that together cover the majority of the 2L arm ( suggesting that at least 22 small chromosomal intervals are not covered by these 36 deficiencies ( Fig. 6A ). Using mainly lethality to define non-complementation, we mapped to particular cytological intervals 12 of the 16-complementation groups formed by more than one allele ( Fig. 6B and Table 1 ). For individual mutations (55) we found 8 that complemented all deficiencies, 30 that failed to complement only one deficiency ( Fig. 6B and Table 1 ), and 17 that fail to complement two or more deficiencies ( Figure   6C and Table 1 ). As we know which deficiencies overlap, those mutations that don't complement two adjacent deficiencies (2) were placed in the cytological region of overlap.
The complementation group formed by 77A2 and 133A1 corresponds to med15
We chose the complementation group formed by the alleles 77A2 and 133A1 to carry out an in deep analysis of the affected gene. These alleles cause in mosaic wings a strong reduction of wing size, accompanied by the loss of the L2 vein and the differentiation of some ectopic bristles along the veins L2 and L3 (Fig. 7) . Both 77A2
and 133A fail to complement Df(2L)al (21B8-C1;21C8-D1), and within the interval covered by this deficiency, 77A2 and 133A1 failed to complement Df(2L)BSC107, which deletes the 21C5;21D1 region (Fig. 7A ). There are 20 annotated genes in this interval, and we generated a smaller deficiency by FRT-mediated recombination between the Piggybac insertions XP(+)d00080 and WH(-)f06555. This deficiency includes only 8 genes, and fails to complement the alleles 77A2 and 133A1 (Fig. 7A ).
Finally, we combined 77A2 and 133A1 with mutations in the genes cabut (cbt) and med15, and found that both 77A2 and 133A1 are lethal in combination with med15 f04180 and viable in combination with a cbt allele (Fig. 7A ). Med15 encodes a 749-aminoacid 14 protein characterized by the presence of a Kix domain, two small poly-Q stretches and several LXXLL motives (GELBART et al. 1997 ; Fig. 7B ). We were able to map the 133A1 allele to the med15 coding region by sequencing genomic regions amplified by PCR from homozygous 133A1 embryos (see M and M). This mutation is associated to a C to T transition that introduces a stop codon in the region that corresponds to the Nterminal poly-Q localized after the KIX domain (Fig. 7C) . Using the same approach we could not find any nucleotide change in the coding region of med15 in the 77A2 allele. not affect vein differentiation (data not shown). We also studied the phenotypes resulting from the expression in the wing disc of interference RNA directed against med15 (med15-i). In these flies, we observe a reduction in the size of the wing, the formation of some ectopic sensory organs and only in some cases the loss of the L2 vein ( Fig. 7N-P) . Finally, we also found a requirement for med15 in other tissues such as the thorax and legs. In the first case, the more frequent phenotype was a failure of the left and right hemi-thorax to fuse when one or both hemitorax are composed by med15 mutant cells ( 7S ). In general, the med15 phenotypes are reminiscent to those caused by reduced dpp and TGFβ signaling, which consist in loss of veins, failures in dorsal closure and leg morphogenesis defects (Dpp) and reduced wing size (TGFβ) (POSAKONY et al. 1990; LECUIT and COHEN 1997; DE CELIS 1997; BRUMMEL et al., 1999; HARDEN 2002 ).
We also observed several alterations in gene expression patterns in med15 mutant cells during imaginal development. For example, the expression of Bs is reduced in intervein territories formed by med15 cells (Fig. 8 A-B) , suggesting that the transcriptional response to Dpp and Hedgehog signaling requires Med15 activity.
Similarly, the expression of spalt (sal), a direct target of Dpp signaling (DE CELIS et al. 1996; BARRIO and DE CELIS 2004) , is absent in med15 clones localized in the anterior and posterior regions of the Sal domain of expression (Fig. 8C-D) , and is reduced in clones localized the central domain of sal expression (Fig. 8C-D 
Other members of the Med complex are required during wing development
The involvement of med15 in wing disc development suggests that other members belonging to the Med complex would be required in similar processes. Alternatively, med15 functions might be independent of its participation in the Med complex. We studied the loss-of-function phenotypes of several Med complex components by driving the expression of specific interference RNAs in the wing disc. In all cases analyzed, we found that the reduction in Med expression give rise to smaller than normal wings (med10-i, med16-i, med25-i, med27-i and kto-i; Fig. 9 ), which were extreme in the cases of loss of med20 and med30 (Fig. 9) . Only the reduction in med20 and med30 expression resulted in loss of vein phenotypes (Fig. 9 ). In the cases of med20, med30
and med15, the expressions of their interference RNAs induce cell death (see Fig. 8E -H). In summary, and although the phenotypes observed upon a reduction in the expression of various Med components are not identical, they are similar enough to suggest that they could be caused by different degrees of loss of Mediator function.
Discussion
The patterning of the veins and the growth of the wing involves the activities of several conserved signaling pathways and transcription factors, and mutations in these genes result in modifications of vein positioning and wing size (SOTILLOS and DE CELIS 2005) . We have carried out a mosaic screen to search for mutations in the 2L chromosomal arm that modify the pattern of veins and the growth of the wing. In this screen we generated homozygous wing regions in otherwise heterozygous flies using a combination of the FRT-FLP method and the Gal4-UAS system. We maximize the fraction of the wing occupied by homozygous mutant cells using a Minute mutation.
This also allows the survival of mutants cells that otherwise could be outcompeted by the surrounding wild type cells (MORATA and RIPOLL 1975) . The inconvenience of using a Minute mutation is that stocks and crosses involving this allele are less healthy.
In general, the flies heterozygous for newly induced mutations with mosaic wings were viable and fertile, allowing the screening of a high number of treated chromosomes.
We identified 140 mutations and grouped then in 83 complementation groups, of which 12 correspond to previously known genes and 71 to alleles in other not yet identified genes. Among the genes previously known for their roles in wing formation we found 39 alleles affecting net, mad, PKA, S, su(H), smo, kuz, ex, ed/fred, cdc2 , ft and tkv. The number of alleles in each complementation group was much higher in the case of the "known" genes, as only 16 out of 71 novel complementation groups were formed by more than one allele. These numbers indicate that the screen in not yet to saturation, and that the visibility of the phenotypes is much higher in wings homozygous for mutations in the class of "known" genes. We were able to map 58% of the complementation groups to individual chromosomal intervals using a collection of deficiencies that cover an estimated 80% of the 2L arm. However, this data has several caveats due to the high number of complementation groups formed by only one allele, and to the presence in the treated chromosomes of associated lethals. Thus, 23% of the novel complementation groups failed to complement with more than one deficiency, and 11% of complementation groups complemented for lethality and phenotype with all deficiencies. In this manner, the cytological localization of all complementation groups composed by only one allele is still tentative. The phenotypes identified in the screen mainly affected the wing veins and wing margin, the size of the wing, the adhesion between the dorsal and ventral wing surfaces, the integrity of the epithelium and the differentiation of trichomes by wing cells. These phenotypes correspond to alterations in processes that occur during the third larval instar (vein determination, wing disc growth and wing margin formation) and during pupal development (dorso-ventral adhesion and tricome differentiation). Furthermore, the observed phenotypes are informative about the process, and in some cases the pathways, that might be altered in the mutants. For example, changes in wing size without effects in vein formation are expected by modifications in the Insulin and TGFβ pathways (JOHNSTON and GALLANT 2002; BRUMMEL et al. 1999) , alterations in the integrity of the wing margin are a mark of loss of Notch and Wingless signaling at the dorso-ventral boundary (DE CELIS and GARCIA-BELLIDO 1994; COUSO et al. 1994 Note that the phenotypes involving the Gal4 driver 638-Gal4 are much stronger than those generated with sal-Gal4. 
(I) nub-Gal4/UAS-med30i (taken at double magnification; 2X).
Table 1
Mutants identified in the screen grouped in phenotypic classes (first column), indicating the different alleles identified ("ALLELES" column), the number of alleles included in each complementation group ("NUMBER"), the phenotype in the combinations sal EPv -Gal4/+; FRT40A mut al dp b pr/FRT40A M(2)z; UAS-FLP/+ ("SAL-GAL4") and 638-Gal4/+; FRT40A mut al dp b pr/FRT40A M(2)z; UAS-FLP/+ ("638-GAL4"), and the name of the deficiency they fail to complement ("DEF"). Abbreviations in the SAL-GAL4 and 638-GAL4 columns are: "-v": loss of veins, "+v": ectopic veins, "-s": reduced size, "+s": larger size, "+SO": ectopic sensory organs in the wing blade, "bs":
loss of dorso-ventral adhesion, "N": thicker veins, "wm": loss of wing margin, "CD" trichome differentiation or planar cell polarity, "L" lethal. In some cases individual veins are also indicated. In the "DEF" column, 2 and >2 indicates that the corresponding mutation fails to complement 2 or more than 2 chromosomal deficiencies, respectively.
Supplementary Figure 1
Mosaic wings for mutations isolated in the screen in flies of sal EPv -Gal4/+; FRT40A mut al dp b pr/FRT40A M(2)z; UAS-FLP/+ (A-V) and 638-Gal4/+; FRT40A mut al dp b pr/FRT40A M(2)z; UAS-FLP/+ (A'-V'). In the cases of the mutations 128C3 and 88A2 it is shown the phenotype of mutant clones at higher (4x) magnification. FRT40A al dp b pr/FRT40A M(2)z; UAS-FLP/+ (A').
Supplementary Figure 2

Supplementary Figure 3
Mosaic wings for mutations isolated in the screen in flies of sal EPv -Gal4/+; FRT40A mut al dp b pr/FRT40A M(2)z; UAS-FLP/+ (A-R) and 638-Gal4/+; FRT40A mut al dp b pr/FRT40A M(2)z; UAS-FLP/+ (A'-R').
Supplementary Figure 4
Mosaic wings for mutations isolated in the screen in flies of sal EPv -Gal4/+; FRT40A mut al dp b pr/FRT40A M(2)z; UAS-FLP/+ (A-P and R-V) and 638-Gal4/+; FRT40A mut al dp b pr/FRT40A M(2)z; UAS-FLP/+ (A'-P' and R''-V''). (R'-W' and R'''-U''') Pictures of the corresponding wings shown at higher magnification (4x) to show trichome differentiation in mosaic wings.
Figure Supplementary 5
Results of the combinations between the deficiencies used for the cytological mapping of the complementation groups. The deficiencies are named by its Bloomington Stock numbers (1st column) and by its original names (2nd column).
Their breakpoints are indicated in the 3rd column. The 36 deficiencies were crossed in pairs between adjacent ones, and the results of these combinations are indicated in the right columns as VIABLE or LETHAL.
Supplementary Table 1 Results of the mapping of complementation groups composed by two or more alleles. The complementation groups are classified by its phenotype (First column) and separated by double lines. First, one allele representing the complementation group was crossed with the set of 36 deficiencies covering the majority of the 2L arm (upper mutant of each complementation group shown in the second column). When this allele failed to complement one or several deficiencies (complementation with deficiencies columns), we crossed all the other alleles of the complementation group with these deficiencies. Only the cases in which more than one allele failed to complement with one particular deficiency were taken as a probe of the inclusion of the complementation group in the interval covered by this deficiency (right column, "RESULT").
Supplementary Table 2
Results of the mapping of complementation groups formed by one single allele. The alleles (columns A) are classified as failing to complement only one deficiency (left column), or more than one deficiencies (right columns). The 420 and 3189 deficiencies overlap, and therefore we assume that the mutant (195A) maps to the region of overlap.
36
The alleles complementing all deficiencies are shown to the bottom right under the heading "VIABLE". 
